We present here our results on the temperature controlled, selective hydrochalcogenation of 1,4-diorganyl-1,3-butadiynes with nucleophilic species of selenium, tellurium and sulfur generated in situ from the respective diaryl dichalcogenide and NaBH 4 . Using polyethylene glycol (PEG)-400 at 30 o C the (Z)-chalcogenoenynes are obtained and at 90 o C the (Z,Z)-bis-chalcogen-1,3-butadienes are produced in good to excellent yields. Alternatively to conventional oil bath heating, the use of microwave irradiation is also presented as an alternative energy source that provides the expected products in few minutes.
Introduction
Enynes, dienes and related unsaturated structures are key fragments found in a diverse array of natural products. 1 A widely studied example is the naturally occurring pheromone bombykol, isolated from the silkworm moth (Bombyx mori), which was firstly characterized by Butenandt et al. 2 over 40 years ago. Bombykol contains conjugated olefins of E,Z-configuration and represents a milestone on the structural elucidation of a natural compound important for chemical interactions between live organisms. 3 Moreover, these unsaturated structures represent important moieties found in a diverse array of biologically active compounds, 4 for example the drug lovastatin, an important 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor and antihypercholesterolemic agent that has a diene portion in its structure. 5 The broad scope of applications for conjugated enynes and dienes requires selective and efficient methods of synthesis commonly involving transition metal catalyzed cross-coupling reactions. 6 Although these methods are undeniably efficient, protocols using stable and easily handled materials for rigorous regio-and stereochemical controlled synthesis remains a challenge.
In this way, vinyl chalcogenides have been found to be very useful tools in organic synthesis and materials science since they are versatile intermediates for the selective construction of isolated or conjugated olefins. 7 One of the main advantages of using vinyl chalcogenides is the fact that these species can be transmetalated with many organometallic reagents to generate the corresponding vinyl organometallics with retention of the double-bond geometry. 8 Still, among the broad scope of applications of vinyl chalcogenides, the importance for the synthesis of enediynes, 9 enynols 8 and chalcogenophenes 10 is well documented in the literature.
On the other hand, the development of environmentally benign and clean synthetic methods, including those involving solvent-free or alternative solvents, such as water, ionic liquids (ILs) and glycerol, has increased in the last years and is the main topic of many books and reviews. 11 Alternatively, the use of polyethylene glycol (PEG) has been shown as promising medium for organic reactions that suppresses some drawbacks of conventional solvents, 11 and its application was previously described by our group 12 and others. 13 Furthermore, compared to the use of other hydroxylated solvents, such as ethanol or glycerol, better results have been obtained in the synthesis of vinyl chalcogenides using PEG-400. 12, 14, 15 In this sense, we describe herein our results on the hydrochalcogenation of 1,4-diorganyl-1,3-butadiynes 1 under mild reaction conditions using diaryl dichalcogenides 2 and PEG-400 as solvent (Scheme 1). The selective product formation 3 or 4 was obtained by a simple temperature Vol. 27, No. 11, 2016 controlled reaction. When the reaction was carried out at 30 o C, using conventional heating or microwave (MW) irradiation as the heating source, the monohydrochalcogenated product 3 was obtained. In contrast, at 90 o C the uncommon 1,4-bis-chalcogenbutadiene 4 was isolated.
Results and Discussion
Initially, we chose 1,4-diphenyl-1,3-butadiyne 1a (0.4 mmol) and diphenyl diselenide 2a (0.2 mmol) as standard materials to optimize reaction conditions for the synthesis of (Z)-chalcogenoenynes 3a using PEG-400 as solvent and NaBH 4 as reducing agent under N 2 atmosphere. The influence of solvent, temperature, stoichiometry and two different heating sources, the conventional oil bath and the focused microwave irradiation, were examined and the results are presented in Table 1 .
When the reaction was held at room temperature under magnetic stirring and inert atmosphere, a low yield of the expected (Z)-1-phenylseleno-1,4-diphenylbut-1-en-3-yne 3a was observed, not exceeding 44% yield even after 96 h (Table 1 , entry 1). A mild reaction heating to 30 o C for 24 h using a conventional oil bath was significant to improve the reaction yield to 72% (Table 1, entry 2). We believe this improvement is due to the higher solubility of the reagents in PEG-400. However, the best performance for this reaction was achieved when the amount of the diphenyl diselenide 2a was increased from 0.5 to 1 eq, corresponding to an excess of the phenylchalcogenium anion (Table 1 , entry 3).
Hoping to increase the reaction yield and reduce the reaction time, an experiment was carried out at 60 o C and surprisingly a mixture of products 3a and 4a was detected after 1 H nuclear magnetic resonance (NMR) analysis, with a ratio of 56:44, respectively (Table 1, entry 4). Relying on this result, we performed the reaction at a higher temperature expecting to increase the formation of the product 4a (Table 1, entry 5). Thus, the reaction was carried out at 90 o C, using 1.0 eq of the dichalcogenide 2a in PEG-400 as solvent and the compound 4a was obtained preferentially in 51% yield after 6 h.
Ethanol is the traditional solvent employed in hydrochalcogenation reactions, 8 however, our recent findings have demonstrated the satisfactory use of glycerol as an alternative.
14 Based on this, glycerol was also tested as solvent, but no products were detected (Table 1, entry 6).
In order to obtain an efficient protocol in terms of energy economy, we chose to perform the reaction under microwave irradiation. Thus, reacting the buta-1,3-diyne 1a with the diphenyl diselenide 2a at 30 o C for 75 min, resulted in all starting materials being completely consumed and the desired product 3a was obtained in excellent yield and selectivity (Table 1, entry 7). When the reaction was performed at 90 o C under microwave irradiation, the product 4a was detected after only 0.5 h in 69% yield without the formation of 3a as byproduct (Table 1, 
entry 8).
With the optimized reaction conditions for the synthesis of the organochalcogenoenyne 3 in hand, using conventional heating (method A) (Table 1, entry 3) or microwave irradiation (method B) ( Table 1 , entry 7), we envisioned extending these protocols to different diaryl dichalcogenides 2a-e and diynes 1a-b at 30 o C (Table 2 ). In regards to product stereochemistry, the formation of (Z)-enynes was preferential for all the tested examples, which complies with the literature. 15 Thus, (Z)-3a was obtained exclusively for the reaction of 1,4-diphenyl-1,3-butadiyne 1a with diphenyl diselenide 2a and in excellent yields ( Table 2 , entry 1). When diphenyl disulfide 2b was tested, a similar stereoselectivity was observed and the (Z)-thioenyne 3b was obtained in 82% yield after 24 h ( Table 2 , entry 2). The alternative MW irradiation also gave the corresponding product 3b in 96% after 75 min. Diphenyl ditelluride 2c was also used as the starting material to react with the 1,3-butadiyne 1a and furnished the corresponding 1-phenyltelluro-1-en-3-yne 3c preferentially in (Z)-configuration ( Table 2 , entry 3). In order to increase the screening of (Z)-enyne compounds, we next turned our attention to reactions of 2,7-dimethylocta-3,5-diyne-2,7-diol 1b with the diaryl dichalcogenides 2a-c ( Table 2 , entries 4-6). A closer inspection shows that the (Z)-configuration was obtained for all formed products 3d-f rather than (E). Furthermore, the products were obtained in good to excellent yields for both methods A and B, while the reaction times required for method B, MW irradiation, were much shorter. Interestingly, when 1b was reacted with dibutyl diselenide 2d, the expected (Z)-butylselenoenyne 3g was obtained in 97% yield after 6 h ( Table 2, entry 7) . Under microwave irradiation, the reaction time reduced to 10 min and 3g was isolated in 98% yield.
Attracted by promising results in our recent studies regarding of glycerol derivatives, 16 we investigated the possibility of using the diselenide glycerol derivative 2e in the presence of diyne 1a ( Table 2 , entry 8). The reaction proceeds smoothly, furnishing the unprecedented product 3h in 77% yield after 24 h. The use of microwave irradiation was also satisfactorily employed to generate the product 3h, which was obtained in an almost quantitative yield after 10 min.
The use of chalcogen-substituted dienes as reagents for the construction of more complex structures is well documented in literature. 8 On this basis of this and the results shown in entries 5 and 8 in Table 1 , we undertook a systematic study to generate a series of (Z,Z)-1,4-bischalcogenbuta-1,3-dienes 4 employing 1,4-diphenyl-1,3-butadiyne 1a or 2,7-dimethylocta-3,5-diyne-2,7-diol 1b and different diorganyl dichalcogenides 2a-d (Table 3) . When the 1,3-butadiyne 1a was reacted with the diphenyl diselenide 2a at 90 o C, the 1,4-bis-phenylseleno-1,3-diene 4a was obtained in 51% yield under conventional heating after 24 h. However, using MW irradiation allowed a yield increase to 69% and a reaction time decrease to 30 min. It is important to mention that the (Z,Z)-configuration was obtained for both heating methods (Table 3, entry 1) . Similarly, the synthesis of (Z,Z)-1,4-bis-phenylthiobuta-1,3-diene 4b is also demonstrated in entry 2. In this case, the diphenyl disulfide 2b was employed, giving the corresponding diene 4b in 65 and 69% yield for methods A and B, respectively, at 90 o C. Using the dibutyl diselenide 2d in the presence of 1a, the desired product 4c was obtained in 71% yield using conventional oil bath and 64% yield by microwave irradiation even at 30 o C (Table 3 , entry 3). We believe that the more pronounced nucleophilicity of the dibutyl diselenide 2d relative to diphenyl diselenide 2a contributed to the good yield of 4c, which was also observed for 3g. When the 2,7-dimethylocta-3,5-diyne-2,7-diol 1b was reacted with diphenyl diselenide 2a, the product 4d was isolated in 69 and 73% yield by the method A and B, respectively (Table 3 , entry 4). Finally, the diyne 1a and the diphenyl ditelluride 2c were employed to react under the same reaction conditions (Table 3 , entry 5). However, the product (Z,Z)-1,4-bis-phenyltellurobuta-1,3-diene 4e was not observed. Instead, a complex mixture of compounds was obtained.
At same time we were preparing our manuscript, Venkateswarlu and Chandrasekaran 17 reported the mono-or bis-chalcogenation of buta-1,3-diynes using rongalite and potassium carbonate in N,N-dimethylformamide (DMF):H 2 O as solvent. Despite a satisfactory procedure to produce (Z) Selective Synthesis of (Z) 2050 chalcogenenynes, lower reaction yields and poor selectivity were observed when buta-1,3-dienes were synthesized. In contrast, we developed an efficient and selective method to synthesize (Z,Z)-1,4-bis-organylchalcogen-1,3-dienes 4 in good yields using conventional heating or microwave irradiation to promote the reaction in an environmentally benign solvent.
Conclusions
We developed an alternative and stereoselective method for the hydrochalcogenation of conjugated 1,3-butadiynes under mild reaction conditions using PEG-400 as solvent. This study is relevant because under similar reaction conditions, by choosing the temperature, a selective product formation can be controlled. At 30 o C the (Z)-chalcogenoenynes are obtained and increasing the temperature to 90 o C the (Z,Z)-1,4-bis-chalcogen-1,3-butadienes are produced in good to excellent yields. Alternatively to the conventional method using oil bath heating, the results for the use of microwave irradiation under the same reaction conditions are also presented as an alternative heating source that provide the expected products in few minutes. In general, aliphatic dichalcogenides The reactions were performed using the diyne 1a (0.4 mmol), diaryl dichalcogenide 2 (0.4 mmol), NaBH 4 (0.8 mmol) and PEG-400 (3.0 mL) under N 2 ; b method A: conventional heating during 6 h; method B: MW irradiation during 30 min; c 3-5% of the corresponding (Z)-enyne was isolated; d the reaction was performed using the 2,7-dimethylocta-3,5-diyne-2,7-diol 1b.
were more reactive than arylic chalcogenides, specially dibutyl diselenide due to high nucleophilicity, and the corresponding enynes and dienes were obtained in higher yields. The use of PEG as a non-toxic solvent opens new possibilities for future applications of this in green and sustainable chemistry.
Experimental

Materials and methods
Proton nuclear magnetic resonance ( 1 H NMR) spectra were obtained at 300 MHz on Varian Inova 300 and at 400 MHz on Bruker DPX spectrometers. Spectra were recorded in CDCl 3 solutions. Chemical shifts are reported in ppm, referenced to tetramethylsilane (TMS) as the external reference. Data are reported as follows: chemical shift (d), multiplicity, integrated intensity and coupling constant (J) in Hz. 13 C NMR spectra were obtained at 75 MHz on Varian Inova 300 and at 100 MHz on Bruker DPX spectrometers. Spectra were recorded in CDCl 3 solutions. Chemical shifts are reported in ppm, referenced to the solvent peak of CDCl 3 . Low-resolution mass spectra (MS) were obtained with a Shimadzu gas chromatograph-mass spectrometer (GC-MS)-QP2010. High-resolution MS (HRMS) were obtained on an LTQ Orbitrap Discovery mass spectrometer (Thermo Fisher Scientific). This hybrid system has a LTQ XL linear ion trap mass spectrometer and an Orbitrap mass analyzer. The experiments were performed via direct infusion (DI) of sample (flow: 10 μL min -1 ) in the positive-ion mode using electrospray ionization (ESI). Elemental composition calculations for comparison were executed using the specific tool included in the Qual Browser module of Xcalibur (Thermo Fisher Scientific, release 2.0.7) software. Column chromatography was performed using Merck silica gel (230-400 mesh). Thin layer chromatography (TLC) was performed using DC-Fertigfolien ALUGRAM ® Xtra SIL G/UV 254 , 0.20 mm thickness. For visualization, TLC plates were either placed under UV light, stained with iodine vapor, or acidic vanillin. All solvents were used as purchased unless otherwise noted. PEG-400 was obtained from Aldrich and used without further purification.
General procedure for the synthesis of (Z)-chalcogenoenynes 3a-h
Method A: to a mixture of diyne 1 (0.4 mmol) and diphenyl dichalcogenide 2 (0.4 mmol) in PEG-400 (3.0 mL) under N 2 atmosphere, NaBH 4 (0.8 mmol) was added at room temperature under stirring. Then, the mixture was heated slowly to 30 o C and the reaction progress was followed by TLC. After 24 h, water (3.0 mL) was added and the mixture was extracted with ethyl acetate (3 × 5.0 mL). The organic layers were combined, washed with brine solution (3.0 mL) and dried with MgSO 4 . The solvent was removed under vacuum and the product was isolated by column chromatography using hexane/ethyl acetate as eluent.
Method B: in a 10 mL glass vial equipped with a small magnetic stirring bar, containing a solution of diyne 1 (0.4 mmol) and diphenyl dichalogenide 2 (0.4 mmol) in PEG-400 (2.0 mL) under N 2 atmosphere, NaBH 4 (0.8 mmol) was added at room temperature. The mixture was then irradiated in a focused microwaves reactor (CEM) at 30 o C, using an irradiation maximum power of 50 W. After stirring for 10-120 min the products were isolated as described above for method A. All the compounds were characterized and spectral data are listed below. 
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